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I. IN TEODUCTION 



A. BACKGROUND 

Eefore the advent of satellites, lon 3 range communica- 
tions were routed over HF skywave paths. Today few military 
communicators possess the knowledge and expertise required 
to set-u*. and maintain reliable long haul HF communications. 
Since the early 1970's, this tecnnology has been relatively 
neglected as satellite communications are more reliable and 
the data rate is much higher than is possible over HF links. 
However, one cannot arford to ignore the eventual vulner- 
ability cf satellites. 

President Reagan warned the public that the battlefield 
will seen extend into space, in whicn case the satellites 
may very well be the first casualties. In addition to the 
growing threat of satellite destruction, satellite communi- 
cations are vulnerable to jamming. 

Communicators need HF c apabilities. An HF communicator 
must be able to accomplish the following tasks: 

1. Analyze or obtain analysis of the propagation path 
between the local station and tne outstation. The most 
important products of the analysis are: 

a. Desired take-off angle 1 (TOA) at transmitting 

station 

b. Azimuth to the outstation 

c. Propogaticn loss over the path on each frequency 

2. Select the test antenna, whether it is the standard 
type (Whip, AS-2259, etc.) or a directional wire antenna. 



‘Take-off angle — angle above the norizon at which the 
largest amount of power must radiate if the receiver is to 
receive the strongest signal possible. 
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3. Design and construct a wire antenna when those 
available are inadequate. 

Chcos'e the test available frequency for operation 
during each hour of the day to obtain the mghest possible 
communications reliability. 

The importance of each of these capabilities should 
become apparent in cbe discussion that follows. 

Eacn time a link is established# the characteristics of 
the path will change. The ionosphere varies in density over 
a 24 hour cycle# a fcur season cycle and on an eleven year 
cycle as well as randomly due to solar disturbances. As a 
result# on a link between two given stations, the range of 
useful frequencies and transmission losses will vary. The 
best ccmmunica tier, can be obtained onxy by first analyzing 
the propagation path each time cne establishes a link. 

Each antenna# whether it be a stock antenna or a wire 
antenna# will have certain cnaracteristics that make it 
right for a particular link. Of. primary importance is that 
the antenna radiates a sufficient amount of power along the 
azimuth to the outstation and at the proper take-off-angle 
(TOA) . After subtracting the transmission losses over the 
path# the received signal at the outstation must be intelli- 
gible . 

Ad antenna will develop a radiation pattern# an example 
of which is shewn in figure 1.1. One’s objective when 
selecting an antenna is t c choose one which developes a 
major lobe that can be aligned with the azimuth to the out- 
staticn and the TOA. Referring to the example radiation 
pattern# 2 this antenna will oe adequate if the TOA is 
between 15 and 45 degrees. 



2 A11 radiation patterns presented in this thesis are 
from antennas modeled over fair ground unless otuerwise 
stated. 
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I 

Figure 1.1 Dipole radiation pattern 

(height = 1/2 wavelength). 

The chosen antenna • must he designed and constructed. 
One must determine the following in the design process: 

1. How high and long the antenna snou^d he. 

2 . How the arteica should be oriented. 

3. *hat type of transmission line {if any) is needed. 

4. fchat matching devices (baluns, transformers, cr 
resistors) are needed and how to connect these. 

In determining these specifications, in addition to the 
propagation path parameters, one must consider the physical 
limitaticns at the local antenna site — area and materials 
avail able . 

During operations the most important task that the 
communicator carries cut is the selection of the best avail- 
able frequency for each hour of the day. Inree factors are 
considered when choosing the frequency. The operator should 
choose: 
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a frequency over which the signal v_ii be attenuated 
the least over the propagation path. 

a ireguency on which the antenna will efficiently 
radiate power in the desired direction (along the azimuth to 
the cutstation and at the desired take-off angle). 

a frequency over which the environmental noise level 
at the receiver is lew. 

E. ZMGIMEEEING AIDS PEESENTLY AVAILABLE 

Several engineering aids are available that the communi- 
cator can use to engineer his fc'F links. 

1. Pr o pag ation Path Ana lysis 

The communicator can choose to use PROPHET or tasn 
the Environmental Capability Analysis Center (ECAC) to 
obtain needed information about the propagation path. 

a. PROPHET 

This is a stand alone micro- compu ter based 
program in basic. Khile many different products can be 
obtained, those of most interest to the operator are the 
field strength plot, ray- trace, and environmental noise 
report. [ Eef. 1 ] 

(1 ) Fi eld Strength Plot. From this product 
(an example which is shown in Figure 1. 2 ) one can determine 
the test frequency tc operate on during each hour of the 
day. The communicator would simply look vertically down the 
graph on the hour of operation and choose a frequency avail- 
able which corresponds to the hignest signal power received. 
The information considered in generating this plot includes 
the antenna type and its radiation pattern. One can specify 
any of seven antennas to the program tut each is of a set 
design and no allowance is made for the operator's need to 
modify the antenna and its pattern for a particular link. 
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(2) Ray- Trace . As may be noted in Figure 1.3, 
one can obtain the TCA and azimuth to the outstation from 
this product. The arrow at the bottom of the graph indi- 
cates the receiver lccation. In this example, the proper 
TOA is 14 degrees. Cver a 24 hour operation period, a new 
TOA is needed at least every two hours, so one should run 
this module twelve times. 

(3) Envir onme ntal Noise Rep ort. An example of 
this report is shown in figure 1.4 Note that the total 
noise indicated is fcr a specific time and frequency. Cne 
would run this program for every two hour period and on each 
frequency available to obtain all the noise information 
needed. [ Ref. 2 ] 

t. ECAC Reliability Report. 

The communicator can request the reliability 
report from the Environmental Compatibility Analysis Center 
(ECAC) . In the reguest he should specify the local station 
coordinates, outstation coordinates, radio power, and 
antenna that he will employ. The report as shown in figure 
1.5 from £Ref. 3:p 153] lists the reliability 3 of communica- 
tions cne should expect during each hour of the day across 
the EF band. Optimum TOA is listed in the -right hand 
column. 



Reliability is the probability of obtaining 
required si gnal- to- noise ratio at the receiver. 



the 
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Figure 1.2 Field Strength Plot from PROPHET. 
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Figure 1.3 PEOI’UBT Daytrace product. 
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Figure 1.4 Environmental Noise Report from PROPHET. 



When using this report, the operator would look 
horizontally accross the row for the particular hour cf 
operation to find the highest reliability. He would then 
select an available frequency closest to the one at the top 
of the column in which the hignest reliability was found. 
[Ref. 3] 
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This single report contains all tr.e mi cr matron 
which would have to he compiled from the three Propnet prod- 
ucts discussed aiove. Although ECAC's report is -better# one 
must alicu days between reguest and receipt. 

2. Antenna ana 1 y sis. 

Cne may use one of three methods to determine the 
radiation patterns of antennas — Numerical Electromagnetics 
Code (NEC) developed at the Lawrence Livermore Laboratory 
for large computer installations# MIN IN EC a cut down version 
of NEC written in basic for microcomputer analysis and the 
Accessible Antenna Package (APACK) another microcomputer 
based program developed for ECAC. 

a. Numerical Elect romagnetics Code (NEC) 



The technigue used to analyze the antennas in 
NEC is the Method of Moments (MOM) . In the ‘ program the 
functional electromagnetic field equations are reduced to a 
set of eguations that can be handled in a straight-forward 
fasnion using matrix manipulation on a digital computer 
[fief. 4], This method is used for modeling the antenna and 
its immediate environment. First the input impedance ani 
current distribution cn the antenna are found, from this the 
antenna gain and radiation pattern can ne determined. Ine 
NEC program provides performance estimates on antennas in 
free space# over perfectly conducting ground or finite 
conducting ground which is a good approximation to tne true 
field condition. [Ref. 5] 



b. MINI NEC 



The most commonly 



able in MININ EC. [fief. 6J 
patterns over finite ground. 



used options in NEC are avail- 
It cannot estimate radiation 
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c. Accessible Antenna Package (APACK) 

This is a set of subroutines which evaluate 
analytic expressions to determine tne radiation patterns of 
several wire antennas. The routines can evaluate antenna 
modeled in free space, over perfect conducting and finite 
conducting ground. The routines can be installed in a 
microcomputer. £Ref. 7] 

C. STUDY OBJECTIVES 

Propagation analysis, antenna design, and frequency 
selection are skills tna t require detailed training to 
master. Although several computer based tools are avail- 
able, the outputs of eacn must be analyzed and fed to others 
and only a skilled communicator can apply the information 
and engineer a reliaile com munications link. 

The objective of this study is to develop a microcom- 
puter based program which combines the capanilities of 
propagation path analysis, antenna design and frequency 
selection. It will require only a limited amount of input, 
listed in table 1 and its output will be instructions on 
antenna construction and frequency useage. 

The program can be divided into two distinct areas. 
Chapter II covers the first area -- propagation path and 
noise analysis. The procedure for carrying out this anal- 
ysis is shewn in the flow chart of figure 1.6 The second 
area, antenna design and evaluation is discussed in Chapter 
III; figures 1.7 and 1.8 show tne processes develo-ed in 
that Chapter. 

Chapters II and III cover the computer algorithm in a 
general manner and the theory behind the processes are 
discussed. The detailed algorithm appears as Appendix E. 
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i 

TABLE 1 - ] 

Computer program input 



reguencies available for operation 

ccatior ana names of the local station and outstation 
inx start time and stoo time 
ate link is to be operated 
0.7 cm flux 

eight of masts available j 

engtn of the antenna site along tne azimuth 
to the outstation 
length cf Wire available 
Type of wire available 
WE-I/TT or ccpper/phosphur Bronze 
Resistors and Baiuns available 

(i.e. t antenna tuning devices) 

Transmitter Power 
Man-Made Noise Level 
Shipboard 
Bu smess 
Residential 
Rural 

Quiet-Rural 

Quasi-Minimum 
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figure 1.6 Flow chart for propagation and noise analysis 
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>*en»j of opt I <v>» : 

1 . Print S /U TibU for vMp 

2. Print TOA for *«ch rxxr 

3. Design an Anteon* 



Figure 1.7 



Flow Chart of preliminary antenna analysis. 
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Input 

Antenna 

CTwlce 



Antennas possible 

1. Longwlra 

2 . Diode 

3. Half-souare 

4. Vee 




Design Dipole: 
Calculate S/N 
wl th Dipole 



Design 
Ha l f -souere: 
Calculate S/N 
1 tr> Half-Square 





of options: 

Design Antenna 
Print S/N on Antenna Choice 
Modify Antenna Choice 
Plot Radiation Pattern of 
antenna choice 
Print antenna construction 
1 nf ormat 1 on 
Process complete 



Display Menu 
of options 




J 



Figure 1.8 Flowchart of antenna design and analysis. 
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II. PROPAGATION PATH AND NOISE ANALYSIS ALGOR ITH MS 

Within this algorithm all times are local unless other- 
wise indicated. The local station is referred to as the 
transmitter and the receiver is the outstation. 

The term logarithmic frequencies refers to 9 frequencies 
logarithmically distributed between 2 and 32 Mhz. Each 
frequency is determined using equation 2.1 where I is 
indexed from 2 to 10. 

f = S£RT (2**1) (2.1) 

A. COMPOTE ENVIRONMENTAL NOISE AT THE RECEIVING STATION 

The environmental noise is computed for the nine loga- 
rithmic frequencies during each hour of the day at the 
receiver. Sailor's [Ref. 2] noise model is employed to 
obtain the noise values. This model considers the external 
noise as being composed of three types — atmospheric/ 
galactic and man-made. 

Atmospheric noise usually dominates below 30 Mhz. It is 
a function of season, location, time of day and frequency. 

Galactic noise may contribute if the noise at the 
frequency cf operation can penetrate the ionosphere. The 
cut off frequency is determined from the Maximum Useable 
frequency Frequency* (MUF) corresponding to the Sunspot 
number (SSN) . If galactic noise will contribute to the 
external noise level on the logarithmic frequency then the 
median galactic noise is calculated. 



♦Signals transmitted on frequencies above the MUF will 
pass through the ionosphere. 
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Man-made noise calculations are based on the level spec- 
ified by the operator to fall into one of six categories 
that are defined in [Ref. 8] and below; 

Rural — locations where land useage 

is primarily for agricultural 

or siiiilar pursuits, and dwellings 

are not more than one every five acres. 

Residential-any area used predominantly 

for single or multiple family dwellings 
with a density of at least two family 
units per acre and no large or busy 
h ighw ays. 

Business — any area where tne predominant 
useage throughout the area is 
for any ty^e of business 
(e. g. , shopping centers, 
main streets, or highways 
lined with various business 
enterprises, etc.) 

Shipboard — Aboard ship, noise is 

considered equivalent to business 

Quiet ftural--Iess density of human 
activity than rural. 

Quasiminimum — less activity than 
Quiet Rural. 

Each of the three types of noise — Atmospheric (Na), 
Galactic (Ng) and Mar-made (Nm) are expressed in terms of 
decibels of respective noise power to the thermal noise 
density at the outstation. For example the value of Na is 
given by equation 2.2, where k is Boltzman’s constant and T 
is the absolute temperature (room temperature is 290 degrees 
Kelvin) . The three sources of noise are combined to form a 
single noise figure (K) in equation 2.3 



28 



( 2 . 2 ) 



B. 



T .Atmospheric Noise Power. 
N a ' 10 Log 10 ( S ) 



N / 10 N / 10 N / 10 

N = 10 Log 1Q (10 a + 10 g + 10 m ) 

COMPUTE POWER OF SIGNAL RECEIVED. 



(2.3) 



Field strength of the received signal is computed for the nine 
logarithmic frequencies. This process is repeated for each hour of the 
day. Calculations are made using Martin*s [Ref. 1] Field strength module. 
Damboldt’s equation (equation 2.4 (derived in [Ref. 9]) provides the field 
strength (F) at the antenna in microvolts/meter; given the free space field 
strength (Fo) , Maximum useable frequency (MUF=fm) Lowest Useable Frequency 
(LUF=fl)^ and frequency of 

F (1 - fjxl) 0 „ 

F = — ■? r where: I = (F./F ) + (F/F ) (2. A) 

z 1 m m 

F + F. 
m 1 

operation (f). Free space field strength is computed using equation 2.5 
given transmitted power in watts (P) and path 



Fo = 20 Log 1Q (300000 /P/R) (2.5) 

length in kilometers (R) . Equation 2.6 relates F to the signal power (S) 
at the receiver relative to kTo. In this equation rj is free space 
impedance (120 * pi) with units of ohms, Aeff is the effective aperture 
of the antenna given by equation 2.7 and GdBi equals the antenna gain over 
an isotropic radiator. 

^Signals transmitted on frequencies below the LUF will be absorbed 
by the ionosphere. 



29 



3 



( 2 . 6 ) 



l F- lZ0 J J6 ^ -t- A* ff — JO U s 9 Jk To) 

Aef f = ^ 10 (2.7) 

C. COMPUTE SIGNAL TC NOISE BAIIO 

Using equation 2.8 the signal to noise ratio is computed 
for each of the logarithmic frequencies for each hour of the 
day, the results are stored in the matrix variatle 
S/N_RATIC_CN_LOG_r REQUENCIES. By interpolating between 
adjacent logarithmic frequencies a signal to noise figure is 
computed for the available frequencies and the results of 
this process are stored in the matrix variatle 

S/N = S-y • (2.8) 

S/N_ RA IIC_0 N_A V AIL A5IE_ FREQ UENCIES. An example of the 

latter table is listed in table 2, 

C. DETERMINE TAKE-OIF ANGLES 

Given the ionosphere layer neight and great circle 
distance the TOA is determined using table 3 (derived from 
[Ref. 10 ). ] The height is obtained from a process 

Martin used in his Ray Trace module. Ref. 1 

the process, the height is calculated at seven points along 
the propagation path; tne value used in the program is the 
average cf those heights calculated. 

E. DETERMINE THE DESIGN FREQUENCY AND ANTENNA TOA. 

Three design frequencies are determined in this process. 
The first is the best frequency for which highest S/N is 
predicted at midday, the second design frequency is the best 
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at Kidnight, and the third is the average or the 
frequencies for a 24 hcur period. 



TABLE 2 





S/H 


_ BAT 10 


_0N 


_AVAILABLE_FBEQUENCIES # 


(example) 






3.2 




4.5 


6.4 


10.0 


17. 0 


25. C 




1 


8 




8 


12 


14 


7 


7 






9 




10 


13 


14 


3 


-30 




3 


10 




11 


14 


14 


1 


-33 




4 


5 




8 


13 


13 


0 


-34 




5 


0 




5 


1 1 


12 


2 


-35 


1 


6 


-8 




-7 


3 


10 


2 


-37 


I 


7 


-9 




-8 


-1 


3 


4 


-9 


a 


8 ’ 


-15 




-14 


-13 


-1 


3 


- 1 


E 


9 


-20 




-18 


-15 


-9 


-> 

J 


0 




10 


-25 




-20 


- 17 


-10 


3 


0 




1 1 


-30 




-25 


-13 


-11 


2 


1 


I 


12 


-35 




-28 


-20 


- 12 


2 


2 


C 


13 


-35 




-28 


-20 


- 11 


2 


1 


c 


14 


-35 




-30 


- 13 


-6 


2 


2 


A 


15 


-30 




-28 


- 18 


-5 


2 


2 


I 


16 


-25 




-20 


- 16 


-2 


4 


2 




17 


-20 




- 18 


-12 


0 


5 


2 




IS 


-15 




-12 


-5 


4 


7 


i 




1 S 


-8 




0 


4 


12 


10 


0 




20 


2 




5 


12 


14 


10 


-2 
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6 




7 


12 


15 


9 


- 15 




22 


5 




9 


14 


7 


3 


-20 




23 


6 




7 


14 


14 


1 


- 12 




24 


7 




7 


10 


12 


5 


5 



best 



J 
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TABLE 3 | 

Take-off Angle 

Ionosphere Layer Height 
_ JI 00 J5C 200 _250 300 _ 3 £° _^ 00 __^0__500 

2000 3 3 6 S 12 15 15 18 18 

1370 6 1 2 15 18 21 24 27 30 33 

945 9 15 21 27 30 33 39 42 42 

650 15 24 30 36 42 45 48 54 57 

445 _ 24 p 42 _ 45 51 57 o° _ o3 6c 

3C5 33 42 51 57 60 66 69 69 72 



210 


42 


34 


oO 


66 


69 


72 


75 


75 


78 


145 


57 


66 


72 


75 


75 


73 


8 1 


81 


8 1 


100 


66 


72 


75 


78 


8 1 


81 


81 


84 


84 



4 J ' 

| 1 

Analysis is first carried out on the S/19 values for the 
logar ithaic frequencies. Tne best frequency for eacii hour 
of operation is determined and their average is calculated. 
Cne can assume that the best frequency will be low (belov 
the average value) at night and high during the day. A low 
to high transition cf best frequency through the average 
value indicates the time is dawn; a high to io* transition 
indicates time is dusk. The time halfway between dawn and 
dusk is taken to be midday; and midnight is halfway between 
dusk and dawn. 

An available frequency closest to the best logarithmic 
frequency at midday is chosen as the first design frequency; 
similarly the second design frequency is chosen at midnight. 
The availarle frequency closest to the average value is 
cnosen as the third design frequency. 



K 
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TIM 
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S 
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tne 



Ihe program bases initial acttmna 
antenna-IOA which is also calculated in this 
simply the preferred 10A at the time of dawn 



ucSi g ns 
routine 



on 

. It is 
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III. AITEHHA DESIGN AND EVALUATION ALGOR ITHM 



A. GENERAL 

Output from that portion of the algorithm covered in the 
last chapter is required as input into tne antenna design 
ana evaluation processes. Initial design on ail the 
antennas will be based on the design frequencies and antenna 
take-cff angle previously determined. As a measure to eval- 
uate each antenna a signal to noise table 
(3/N_RAIIG_CN_ANTENNA) will be developed by adding the 
antenna gain (at the 10A and along the azimuth to tne out- 
staticn) tc the corresponding (frequency and hour) value in 
the table -- S/N_PAIIO_CN_AV AILABLE_F5EQU ENCIES. Ihe 

£/N_ R AIIC_0 N_ANT EliN A table will be of the same format as 
table 2. 

For the whip S/N_RA TIO_ON_ANTENN A is automatically 

generated immediately after the propagation r atn and noise 
analysis is complete. A ne w S/N_RATIO_ON_A NTENN A will auto- 
matically be generated immediately after other antennas are 
designed cr modified. These 5/N_RATI0_0N_ANTENNA tables 
should be compared tc determine the benfits of constructing 
each antenna. 

Several options are available to the operator for design 
and evaluation on four antennas — longwire, dipole, ha j.f- 
square and vee. Each antenna is handled by the program in a 
unique manner. In the following presentation the procedures 
for aesignirg and evaluating each antenna will be covered in 
a separate section. Example instructions for the construc- 
tion and use of each antenna appears in Appendix C. 

Appendix A describes the computer models and procedures 
used to obtain the pattern data for each antenna. 
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